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Introduction

Alzheimer's disease (AD) is the most common form of neurodegenerative diseases in humans affecting more than 50 million of patients worldwide in 2018 [1]. For early diagnosis of AD and monitoring of AD evolution, cerebrospinal fluid (CSF) plays a central role as it reflects molecular events occurring in the brain [START_REF] Hansson | The impact of preanalytical variables on measuring cerebrospinal fluid biomarkers for Alzheimer's disease diagnosis: A review[END_REF][START_REF] Peskind | Safety and acceptability of the research lumbar puncture[END_REF]. While the 42-amino acid residues long amyloid β peptide (Aβ 1-42) in CSF has been used as an established biomarker [START_REF] Olsson | CSF and blood biomarkers for the diagnosis of Alzheimer's disease: a systematic review and metaanalysis[END_REF][START_REF] Querfurth | Alzheimer's disease[END_REF][START_REF] Somers | Selecting Abeta isoforms for an Alzheimer's disease cerebrospinal fluid biomarker panel[END_REF], there is currently an emerging tendency to use combinations of various Aβ isoforms to improve the differential diagnostic power between AD and healthy subjects or to discriminate better AD from other neurodegenerative diseases [START_REF] Blennow | The Past and the Future of Alzheimer's Disease Fluid Biomarkers[END_REF][START_REF] Galasko | Alzheimer disease: CSF biomarkers for Alzheimer diseaseapproaching consensus[END_REF][START_REF] Pannee | Reference measurement procedure for CSF amyloid beta (Abeta)1-42 and the CSF Abeta1-42 /Abeta1-40 ratio -a cross-validation study against amyloid PET[END_REF][START_REF] Lewczuk | Amyloid-beta 42/40 cerebrospinal fluid concentration ratio in the diagnostics of Alzheimer's disease: validation of two novel assays[END_REF][START_REF] Janelidze | CSF Aβ42/Aβ40 and Aβ42/Aβ38 ratios: better diagnostic markers of Alzheimer disease[END_REF]. These biomarkers are measured in routine clinical practice using immunoassays [START_REF] Teunissen | White paper by the Society for CSF Analysis and Clinical Neurochemistry: Overcoming barriers in biomarker development and clinical translation[END_REF]. Nevertheless, several issues arise with ELISA in terms of unsatisfied diagnosis specificity (cross reactions of different Aβ peptides with the antibodies), unavailability of antibodies specific to all target Aβ peptides, as well as unsatisfactory inter-laboratory reproducibility of these tests [START_REF] Bastard | Importance and Impact of Preanalytical Variables on Alzheimer Disease Biomarker Concentrations in Cerebrospinal Fluid[END_REF][START_REF] Mattsson | CSF biomarker variability in the Alzheimer's Association quality control program[END_REF][START_REF] Mattsson | Reference measurement procedures for Alzheimer's disease cerebrospinal fluid biomarkers: definitions and approaches with focus on amyloid beta 1-42[END_REF]. Mass spectrometry (MS) has been used as a powerful alternative for simultaneous determination of these Aβ peptides with a high detection performance [START_REF] Teunissen | White paper by the Society for CSF Analysis and Clinical Neurochemistry: Overcoming barriers in biomarker development and clinical translation[END_REF][START_REF] Pannee | Round robin test on quantification of amyloid-beta 1-42 in cerebrospinal fluid by mass spectrometry[END_REF]. Recourse to immuno-precipitation employing antibodies is nevertheless very often used to enrich the target analytes and remove the (complex) sample matrix, notably the inorganic salts and small ions that may suppress the MS signals [START_REF] Bros | Quantitative detection of amyloid-β peptides by mass spectrometry: state of the art and clinical applications[END_REF].

We demonstrated recently that capillary electrophoresis (CE), which offers possibilities of implementing on-line electrokinetic preconcentration to the separation step, could be an attractive alternative to immunoassays [START_REF] Crosnier De Lassichere | Online Preconcentration in Capillaries by Multiple Large-Volume Sample Stacking: An Alternative to Immunoassays for Quantification of Amyloid Beta Peptides Biomarkers in Cerebrospinal Fluid[END_REF]. Such electrokinetic enrichment and separation approaches indeed have been frequently reported for analysis and characterization of peptides and proteins [START_REF] Miksik | Coupling of CE-MS for protein and peptide analysis[END_REF][START_REF] Kasicka | Recent developments in capillary and microchip electroseparations of peptides (2015-mid 2017)[END_REF][START_REF] Kasicka | Application of capillary isotachophoresis in peptide analysis[END_REF].

Indeed, simultaneous separation and detection of 5 different Aβ peptides without recourse to immuno-preconcentration has been demonstrated, using multiple pressure-assisted large-volume sample stacking with an electroosmotic flow pump (M-PA-LVSEP) [START_REF] Crosnier De Lassichere | Online Preconcentration in Capillaries by Multiple Large-Volume Sample Stacking: An Alternative to Immunoassays for Quantification of Amyloid Beta Peptides Biomarkers in Cerebrospinal Fluid[END_REF]. In another work we demonstrated the high capability of capillary ITP (cITP), a steady-state electrokinetic stacking technique to enrich target charged ion(s) sandwiched in a discontinuous electrolyte system containing a leading and a terminating electrolyte, to preconcentrate Aβ 1-40 down to 50 nM only with a UV detection [START_REF] Mai | Multiple capillary isotachophoresis with repetitive hydrodynamic injections for performance improvement of the electromigration preconcentration[END_REF][START_REF] Oukacine | Suppression of Apparent Fluid Flow in Capillary Isotachophoresis without Recourse to Capillary Coating[END_REF]. Whereas the achieved preconcentration factor was impressive with ITP, the preconcentration of other Aβ peptides from the family was not performed, nor their separation. In the present work we further extended our investigation with the coupling of ITP to MS to render this technique equivalently applicable to different Aβ peptides present in CSF, allowing their separation and quantitation after the ITP step. To the best of our knowledge, the only work on CE-MS of Aβ peptides was communicated by Varesio et al. [START_REF] Varesio | Nanoscale liquid chromatography and capillary electrophoresis coupled to electrospray mass spectrometry for the detection of amyloid-beta peptide related to Alzheimer's disease[END_REF]. The method however was not applicable to CSF samples due to the absence of a sample matrix removal and preconcentration step to reach enough detection sensitivity. Herein, to prove the feasibility of our ITP approach and to overcome the issue of Aβ peptide in vitro aggregation [START_REF] Brinet | An improved capillary electrophoresis method for in vitro monitoring of the challenging early steps of A beta(1-42) peptide oligomerization: Application to anti-Alzheimer's drug discovery[END_REF], ITP of a mixture of several derivatized Aβ peptides, i.e. Aβ 1-42, Aβ 1-40 and Aβ 1-38 under an alkaline pH was for the first time developed with LIF detection. The ITP was then adapted to electrospray-ionization (ESI) -MS operation to separate and quantify different Aβ peptides (down to sub nM ranges) in CSF samples from AD and non-demented patients (healthy controls). Together with the recent communication on detection of sulfonamides in waters [START_REF] Malá | Methodology of analysis of very weak acids by isotachophoresis with electrospray-ionization mass-spectrometric detection: Anionic electrolyte systems for the medium-alkaline pH range[END_REF], our study is one of the two pioneering works on ITP-ESI-MS of slowly migrating species under alkaline pH conditions. The high value of the developed method was demonstrated by comparing Aβ 1-42/ Aβ 1-40 and Aβ 1-42/ Aβ 1-38 ratios measured from CSF samples using this novel ITP-MS method and our recently developed multiple large volume sample preconcentration M-PA-LVSEP approach [START_REF] Crosnier De Lassichere | Online Preconcentration in Capillaries by Multiple Large-Volume Sample Stacking: An Alternative to Immunoassays for Quantification of Amyloid Beta Peptides Biomarkers in Cerebrospinal Fluid[END_REF].

Materials and methods

Chemicals and reagents

Amyloid beta peptides were purchased from Eurogentec (Seraing, Belgium) except for Aβ 1-42 that was from Anaspec (Fremont, CA, United States). Central nervous system (CNS) perfusion fluid used for the preparation of standard solutions was obtained from CMA/Microdialysis AB (Kista, Sweden). Sodium hydroxide (1 M), water (MS grade) and acetonitrile (MS grade) were obtained from VWR (Fontenay-sous Bois, France). Acetic acid (MS grade), sodium tetraborate (BORAX), boric acid, 28.1 % ammonium hydroxide (m/v) (MS grade), ammonium acetate (MS grade) and dimethyl sulfoxide (DMSO, 99.9 %) were all provided by Sigma (St. Louis, MO, United States).

All buffers were prepared with deionized water for ITP -LIF analysis or MS grade water for ITP-MS and were filtered through a 0.22 μm membrane prior to use. The Fluoprobe 488 NHS ester was obtained from Interchim (Montluçon, France) and was dissolved in DMSO to obtain aliquots of 10 mg mL -1 which were then stored at -20 °C in the darkness.

Apparatus and Material

The studies were performed with a Beckman Coulter PA 800 system (Sciex Separation, Brea, CA) equipped with a solid-state laser induced fluorescence detector (λexcitation: 488 nm, λemission: 520 nm) for ITP-LIF experiments and with an Agilent 7100 capillary electrophoresis system coupled to an Agilent Technologies (Brea, CA) 6540 Accurate-Mass Time of Flight mass spectrometer system.

The ITP-MS coupling was realized with a Dual Jet Stream ESI source (Agilent). A 1200 series ISO Pump (Agilent) was used to supply the sheath liquid. Uncoated capillaries were purchased from Phymep (Paris, France). Data acquisition and instrument control were carried out using Karat 8.0 software (Sciex Separation, Brea, CA) for ITP-LIF and MassHunter B.06 for ITP-MS. Deionized water used in all experiments of ITP-LIF was purified using a Direct-Q3 UV purification system (Millipore, Milford, MA, USA). Conductivity and pH values of buffer solutions and samples were acquired with a SevenCompact pH meter (Mettler Toledo, Schwerzenbach, Switzerland). Selection of background electrolyte (BGE) and buffer ionic strength (IS) calculations were based on simulations with the computer program PhoeBus (Analis, Suarlée, Belgium). The mobilities of the amyloid beta peptides were both estimated using the program Simul 5 and measured experimentally.

Methods

Dissolution and storage of peptides

All amyloid beta peptides were dissolved at 2 mg.mL -1 , either in pure DMSO or 0.10 -0.16 % ammonium hydroxide (m/v) in order to prevent in vitro aggregation of the peptide [START_REF] Shen | Solvent effects on self-assembly of beta-amyloid peptide[END_REF][START_REF] Haussmann | Analysis of Amino-Terminal Variants of Amyloid-beta Peptides by Capillary Isoelectric Focusing Immunoassay[END_REF]. For peptides prepared in ammonium hydroxide, aliquot solutions (5 µL) of individual peptides were lyophilized and finally stored at -20°C. For peptides dissolved in DMSO, aliquot solutions of 5 µL were stored immediately after reconstitution at -20 °C.

Fluorescent labelling of peptides and sample filtration

Each aliquot of amyloid peptide was diluted in central nervous system (CNS) perfusion fluid for preparation of standard solutions. These solutions were then diluted in a sodium borate buffer (pH 10.5, IS 40 mM) containing Fluoprobe 488 NHS to obtain the desired concentration with a molar ratio of 200:1 (Fluoprobe / peptide). To remove the excess of fluorophore and the unwanted matrix prior to analysis, a series of filtrations was implemented using the protocol developed previously [START_REF] Crosnier De Lassichere | Online Preconcentration in Capillaries by Multiple Large-Volume Sample Stacking: An Alternative to Immunoassays for Quantification of Amyloid Beta Peptides Biomarkers in Cerebrospinal Fluid[END_REF]. The peptides retained on the membrane were then recovered at the desired concentration into an appropriate medium (i.e. ammonium tetraborate, pH 9.56, ionic strength (IS) 147 mM or 0.175 % of ammonium hydroxide (m/v)).

ITP-LIF of labelled Aβ peptides

The working capillary (I.D. of 50 µm, O.D. of 375 µm, effective length (leff) of 50.2 cm and total length (Ltot) of 60.2 cm) was pre-conditioned (using a pressure of 138 kPa at the capillary inlet) with the following sequence: 0.1 M NaOH for 5 min, 1 M NaOH for 5 min, and then water for 5 min. After this pre-treatment, a rinsing step with the terminating electrolyte 1 (TE-1) (50 mM tetraboric acid and 400 mM ammonia respectively, pH 9.56) during 10 min was carried out. Before each injection, the capillary was flushed for 5 min with water and then equilibrated with the TE-1 for 5 min. Then, a sample plug accounting for 67 % of the capillary volume was injected at the inlet with a pressure of 6.8 kPa for 355 s. The ITP was carried out at 10 µA and 25 °C with the TE-1 at the cathodic side and the leading electrolyte 1 (LE-1) composed of 20 mM acetic acid / 50 mM ammonium hydroxide (20 mM acetate, pH 9.55) at the anodic side. Samples were stored at 4 °C in the instrument.

ITP-ESI-MS of Aβ peptides

Prior to coupling of the capillary to ESI-MS, the capillary (I.D. of 100 µm, total length of 100 cm) was pre-conditioned as described in the previous section, with the outlet of the capillary disconnected from the MS. Before each injection, the capillary connected to the ESI interface was equilibrated for 5 min with water and then with the TE-2 composed of 0.175 % ammonium hydroxide for 10 min. Then, a sample plug accounting for 35 % of the capillary volume was injected at the inlet by pressure (100 sec, at 10 kPa). The separation was carried out at 12 µA and 25 °C with LE-2 composed of 80 mM acetic acid / 200 mM ammonium hydroxide (80 mM acetate, pH 9.55) at the anodic side.

The MS was operated in positive polarity with the following operational parameters: drying gas flow of 4.5 L min -1 , nebulizer pressure of 10 psi (69 kPa), voltage of 2200 V, fragmentor of 240 V, drying gas temperature of 250 °C, sheath gas temperature of 300 °C, sheath gas flow of 4 µL/min, skimmer voltage of 80 V and quad amu 700. The sheath liquid consisted of 5 mM ammonium acetate in 50 % v/v acetonitrile / 50 % v/v water. For the calibration and tune of the Q-TOF, a reference standard composed of 10 μL of 5 mM purine and 30 μL of 2.5 mM HP922 (Agilent, Santa Clara, United States) in a mixture of 30 % v/v water / 70 % v/v acetonitrile was used. A flow rate of 0.6 mL/min with a splitting ratio of 1:100 was used for the sheath liquid. LE, TE and sheath liquid were freshly prepared and degassed by sonication for 5 min before use.

CSF sample collection

CSF samples from one AD patient and two non-demented patient (used as control) were taken by the department of Neurology, university of Ulm (Ulm, Germany), aliquoted and stored at -20 °C until use. Their collection and analysis were approved by the Ethics Committee at the University of Ulm. Aβ 1-42 in these samples was measured with a commercially available assay (Fujirebio, Hanover, Germany) according to the manufacturers' instructions.

Results and Discussion

ITP-LIF of labelled Aβ peptides

In our previous work [START_REF] Crosnier De Lassichere | Online Preconcentration in Capillaries by Multiple Large-Volume Sample Stacking: An Alternative to Immunoassays for Quantification of Amyloid Beta Peptides Biomarkers in Cerebrospinal Fluid[END_REF], we demonstrated that by analyzing fluorescently labelled Aβ peptides by capillary electrophoresis, we could obtain accurate quantification of certain Aβ peptides. However during an electrokinetic enrichment process, precipitation of peptides can likely occur due to local increase in their concentrations in the capillary. In two of our previous studies we performed on either ITP or CIEF enrichment [START_REF] Mai | Multiple capillary isotachophoresis with repetitive hydrodynamic injections for performance improvement of the electromigration preconcentration[END_REF][START_REF] Mai | Single-step immunoassays and microfluidic droplet operation: Towards a versatile approach for detection of amyloid-beta peptide-based biomarkers of Alzheimer's disease[END_REF], this phenomenon was observed by the presence of spikes in the electropherograms, adversely decreasing signal intensity. In the present study, ITP has been for the first time employed for fluorescently labelled Aβ peptides to better monitor the ITP process.

Straightforward optimization of ITP conditions was therefore first implemented with LIF detection . Conveniently, Aβ peptides from standards and biological samples can be fast labelled with little residual fluorescent dyes using the labelling and filtration protocols developed previously [START_REF] Crosnier De Lassichere | Online Preconcentration in Capillaries by Multiple Large-Volume Sample Stacking: An Alternative to Immunoassays for Quantification of Amyloid Beta Peptides Biomarkers in Cerebrospinal Fluid[END_REF][START_REF] Verpillot | Analysis of Amyloid-beta Peptides in Cerebrospinal Fluid Samples by Capillary Electrophoresis Coupled with LIF Detection[END_REF].

As the electrokinetic separation and stability of the Aβ peptides are more favourable under basic conditions [START_REF] Brinet | An improved capillary electrophoresis method for in vitro monitoring of the challenging early steps of A beta(1-42) peptide oligomerization: Application to anti-Alzheimer's drug discovery[END_REF][START_REF] Verpillot | Analysis of Amyloid-beta Peptides in Cerebrospinal Fluid Samples by Capillary Electrophoresis Coupled with LIF Detection[END_REF], optimisation of ITP was realised under alkaline media (pH 9.5). Under such conditions in a fused silica capillary, the electroosmotic flow (EOF) was found stronger than the electrophoretic mobilities of Aβ peptides that were experimentally measured to be between 9-12×10 -9 m 2 .V -1 .s -1 . Under this strong EOF, the terminating and leading co-ions also migrate counter their electrophoretic mobilities during the ITP process. This is contrary to conventional ITP where the stacking is generally purely driven by electrophoretic mobilities under EOF-suppressed conditions [START_REF] Mala | Analytical capillary isotachophoresis after 50 years of development: Recent progress 2014-2016[END_REF]. The principle of EOF-driven ITP is illustrated in Fig. 1. The first challenge was to find a TE co-ion with an electrophoretic mobility smaller than those of labelled Aβ peptides (which are relatively low), and also a LE co-ion with a higher one but still smaller than the electroosmotic mobility. Two anions were found to meet such criteria, acetate as the LE co-ion (µacetate = 42.7 × 10 - 9 m 2 .V -1 .s -1 at pH 9.5) and tetraborate as the TE co-ion (µtetraborate = 8 × 10 -9 m 2 .V -1 .s -1 at pH 9.5).

EOF was measured to be 48 × 10 -9 m 2 .V -1 .s -1 . We then optimized the concentrations of acetate (5 -10 200 mM) and tetraborate (20 -100 mM); and the best ITP of Aβ peptides in terms of peak high was obtained with 50 mM tetraborate and 20 mM acetate.

Optimisation of the injected sample volume (from 30 to 70 % of the capillary volume) to be stacked with ITP was then carried out (Fig. 2A). The highest peak intensity was achieved for ITP of a sample plug accounting for 67 % of the total capillary volume. A longer sample plug led to smaller peak intensity due to incomplete ITP. This was explained by the shorter distance for ITP from the sample / electrolyte boundary to the detector. A complete ITP was observed when Aβ peptides were dissolved in the TE (tetraborate solution) whereas it was not the case with Aβ peptides dissolution in LE (data not shown). We observed a nonlinear dependence of peak height on sample volume under alkaline conditions. This may be due to the local change of EOF when the sample volume is increased, which in turns affects the ITP efficiency. In addition, over a certain limit of injected sample volume, the peak height is not linearly correlating to the sample volume anymore, as already observed in our previous work with ITP-UV [START_REF] Mai | Multiple capillary isotachophoresis with repetitive hydrodynamic injections for performance improvement of the electromigration preconcentration[END_REF]. Using the optimized ITP conditions with TE of 50 mM tetraborate, LE of 20 mM acetate and sample plug prepared in TE (67 % capillary volume), the performance of ITP was evaluated for an Aβ 1-42 standard solution. Excellent intra and inter-day repeatability for migration time and peak height was achieved even in the presence of high EOF (RSD < 0.36 % and 1.6 %, respectively). The limit of quantification achieved for a single Aβ peptide was 0.05 nM with LIF detection, which lies within the concentration range (0.02 -0.2 nM) of Aβ 1-42 normally found in CSF [START_REF] Blennow | The Past and the Future of Alzheimer's Disease Fluid Biomarkers[END_REF][START_REF] Galasko | Alzheimer disease: CSF biomarkers for Alzheimer diseaseapproaching consensus[END_REF][START_REF] Lewczuk | Amyloid-beta 42/40 cerebrospinal fluid concentration ratio in the diagnostics of Alzheimer's disease: validation of two novel assays[END_REF][START_REF] Janelidze | CSF Aβ42/Aβ40 and Aβ42/Aβ38 ratios: better diagnostic markers of Alzheimer disease[END_REF][START_REF] Pannee | Round robin test on quantification of amyloid-beta 1-42 in cerebrospinal fluid by mass spectrometry[END_REF]. Furthermore, the same ITP process was also carried out on a mixture of 5 amyloid peptides (Aβ 1-42, Aβ 1-40, Aβ 1-38, Aβ 2-40, Aβ 5-40) with obtained peak heights quantitatively correlated to the total amyloid peptide concentrations (R = 0.9908 for a range of 0.05 -2 nM, see Fig. 2B), proving that ITP stacking was efficient for all investigated peptides of the Aβ family with excellent and similar performances.

ITP-ESI-MS of Aβ peptides

The successful stacking of the labelled Aβ peptides allows unprecedently LIF detection of these compounds down to 0.05 nM. However, separation and determination of each individual Aβ peptide remained still a bottleneck. ITP was therefore hyphenated to MS using as a starting point the ITP-LIF conditions. To ensure good MS performances (with minimum ion suppression effect and salt deposition), tetraborate in the TE had to be replaced with a volatile buffer containing another co-ion exhibiting a weak electrophoretic mobility (< 9 × 10 -9 m 2 .V -1 .s -1 ). Indeed, communications on ITP-ESI-MS of slowly migrating anions under alkaline conditions have not been found until recently, as TE candidates that can satisfy the criteria of high volatility and low electrophoretic mobility can hardly be found. In our previous work, we used hydroxyl ion dissociated from a weak base as the TE anion for ITP-UV of Aβ peptides at high pH conditions [START_REF] Mai | Multiple capillary isotachophoresis with repetitive hydrodynamic injections for performance improvement of the electromigration preconcentration[END_REF][START_REF] Oukacine | Suppression of Apparent Fluid Flow in Capillary Isotachophoresis without Recourse to Capillary Coating[END_REF]. Very recently, such approach was reported by Gebauer et al. for ITP-MS analysis of different weak anionic compounds in water samples [START_REF] Malá | Methodology of analysis of very weak acids by isotachophoresis with electrospray-ionization mass-spectrometric detection: Anionic electrolyte systems for the medium-alkaline pH range[END_REF]. The concept of hydroxyl ion mobility being balanced by the weak base used as the terminator in the electrolyte systems for isotachophoresis was first mentioned by Bocek and Gebauer [START_REF] Bocek | Some problems encountered in the selection of electrolyte systems in isotachophoresis[END_REF]. By using ammonium hydroxide as the TE, the electrophoretic mobility of OH -was estimated to be ~ 3 × 10 -9 m 2 .V -1 .s -under our conditions according to the equation developed by Bocek and Gebauer [START_REF] Bocek | Some problems encountered in the selection of electrolyte systems in isotachophoresis[END_REF]. Low dissociation of the base in the TE zone slowed down the electrophoretic migration of OH -. This concentration had to be carefully optimised to avoid the electrophoretic mobility of OH -becoming higher than those of the tested Aβ peptides, as this situation would lead to a rupture of ITP. Optimisation of ITP peak height was thus carried out with the TE composed of NH4OH 0.175 % -3 % m/v (46.7 -80.1 mM) in water (Fig. 3), with TE composed of 0.175 % m/v NH4OH offering the best ITP -MS performances. TE containing less than 0.175 % NH4OH was not tested as it was found from our previous works (see refs [START_REF] Mai | Multiple capillary isotachophoresis with repetitive hydrodynamic injections for performance improvement of the electromigration preconcentration[END_REF][START_REF] Oukacine | Suppression of Apparent Fluid Flow in Capillary Isotachophoresis without Recourse to Capillary Coating[END_REF]) that the concentration of NH4OH in the TE should be sufficiently high to maintain reproducible stacking. Due to the suction effect at the ESI interface when the sheath liquid and gas were activated, the injected sample plug could not exceed 35 % of the total volume, in order to guarantee a complete ITP stacking. Under such conditions, a LOD of 1 nM could be achieved with a capillary of 50 µm I.D. and 100 cm total length.

To further improve the detection sensitivity, the diameter of the capillary was then enlarged to 100 µm. The injected sample volume was increased from 594 nL to 2367 nL, leading to a much better detection sensitivity with MS (0.04 nM).By increasing the internal diameter, we also increased the eluent volume at the outlet of the capillary, which in turn reduced dilution by the sheath liquid while maintaining a stable current. Less sample dilution with the sheath liquid at the ESI interface probably contributed also to the observed increase in detection sensitivity. The typical mass / charge (m/z) ratios of different Aβ peptides as well as their deconvoluted peaks achieved with our ITP-ESI-MS approach are shown in Fig. 4. All this information was extracted from the same peak at 9 min, demonstrating that analytes' separation and identification were made possible with MS.

With the m/z ratios scanned for a window of 500 -3200, the multiply-charged ions {M + 3H} 3+ , {M + 4H} 4+ and {M + 5H} 5+ with M representing di-tagged Aβ peptides were identified for each Aβ peptide. These observations were in accordance with other MS studies on native Aβ peptides where the highest intensities were found for the 3+, 4+ and 5+ charge states [START_REF] Ford | Qualitative and quantitative characterization of the amyloid beta peptide (A beta) population in biological matrices using an immunoprecipitation-LC/MS assay[END_REF][START_REF] Osterlund | Amyloid-beta Peptide Interactions with Amphiphilic Surfactants: Electrostatic and Hydrophobic Effects[END_REF][START_REF] Lin | An UHPLC-MS/MS method for simultaneous quantification of human amyloid beta peptides A beta 1-38, A beta 1-40 and A beta 1-42 in cerebrospinal fluid using micro-elution solid phase extraction[END_REF]. Depending on the MS conditions used, the highest signals can be shifted from the multiply-charged ions {M + 3H} 3+ and {M + 4H} 4+ to ions {M + 4H} 4+ and {M + 5H} 5+ [START_REF] Ford | Qualitative and quantitative characterization of the amyloid beta peptide (A beta) population in biological matrices using an immunoprecipitation-LC/MS assay[END_REF][START_REF] Osterlund | Amyloid-beta Peptide Interactions with Amphiphilic Surfactants: Electrostatic and Hydrophobic Effects[END_REF][START_REF] Lin | An UHPLC-MS/MS method for simultaneous quantification of human amyloid beta peptides A beta 1-38, A beta 1-40 and A beta 1-42 in cerebrospinal fluid using micro-elution solid phase extraction[END_REF]. In our conditions, and for all Aβ peptides investigated, the charge state +4 was found the most abundant. No ions from untagged species were observed under our MS conditions. We also noticed that the intensities at the same charge state of the Aβ peptides were different, with higher signals observed for the longest peptides (i.e. Aβ 1-40 and 1-42). The salient performance data for the ITP-MS of labelled Aβ 1-40, Aβ 1-42 and Aβ 1-38 are summarized in table 1. Linear calibrations, acquired from the total peak heights in the extracted-ion chromatograms at charge states of 3+, 4+ and 5+, were obtained from 0.03 nM up to 2, 10 or 25 nM for Aβ 1-42, 1-38 and 1-40 respectively. Relative standard deviations of peak height better than 6 % for both intra-day and inter-day tests were obtained. Note that the LODs could be potentially improved by using shealthless or very-low-shealth-flow CE-ESI-MS interfaces [START_REF] Faserl | Optimization and Evaluation of a Sheathless Capillary Electrophoresis-Electrospray Ionization Mass Spectrometry Platform for Peptide Analysis: Comparison to Liquid Chromatography-Electrospray Ionization Mass Spectrometry[END_REF][START_REF] Sun | Third-Generation Electrokinetically Pumped Sheath-Flow Nanospray Interface with Improved Stability and Sensitivity for Automated Capillary Zone Electrophoresis-Mass Spectrometry Analysis of Complex Proteome Digests[END_REF].

Application to CSF samples

The developed ITP-MS method was then applied for identification and quantification of different Aβ peptides in CSF samples from both one AD patient and two non-demented ones (used as controls). Typical Aβ peptides' MS spectra from a CSF sample are shown in Fig. 5. The extractedion chromatogram (EIC) of different Aβ peptides were achieved from the total ion chromatogram (TIC) thanks to the specific ratios of mass / charge defined for each Aβ peptide. We estimated the Aβ peptide ratios based on peak height ratios obtained with ITP-MS. When using the referenced cut-off value of 0.05 for the Aβ 1-42 / Aβ 1-40 ratio [START_REF] Blennow | The Past and the Future of Alzheimer's Disease Fluid Biomarkers[END_REF][START_REF] Galasko | Alzheimer disease: CSF biomarkers for Alzheimer diseaseapproaching consensus[END_REF][START_REF] Lewczuk | Amyloid-beta 42/40 cerebrospinal fluid concentration ratio in the diagnostics of Alzheimer's disease: validation of two novel assays[END_REF][START_REF] Janelidze | CSF Aβ42/Aβ40 and Aβ42/Aβ38 ratios: better diagnostic markers of Alzheimer disease[END_REF][START_REF] Pannee | Round robin test on quantification of amyloid-beta 1-42 in cerebrospinal fluid by mass spectrometry[END_REF], the results obtained with ITP-MS allow good discrimination of AD patient from the control persons. We then compared the data to those obtained with another electrokinetic method developed recently (M-PA-LVSEP) [START_REF] Crosnier De Lassichere | Online Preconcentration in Capillaries by Multiple Large-Volume Sample Stacking: An Alternative to Immunoassays for Quantification of Amyloid Beta Peptides Biomarkers in Cerebrospinal Fluid[END_REF].

Good agreement (table 2) between results obtained with ITP-MS and our previous method were achieved, both providing good discrimination of AD from control cases based on the acquired Aβ 1-42 / Aβ 1-40 ratios. Sample matrix plays a critical role in ITP performances and method robustness. The sample matrix should be kept constant for all samples in order to allow reproducible EOF and stacking efficiency. Conveniently, the sample filtering strategy performed before the ITP-MS allowed to recover our samples in an identical medium.

Conclusions

An ITP-MS approach was successfully developed as an alternative to immuno-assays for identification and quantification of different Aβ peptides in CSF samples. This is a continuation of our effort to develop antibody-free approaches for molecular diagnosis of AD. Simultaneous detection of several Aβ peptides down to sub nM ranges is now readily possible with the developed protocol (30 minutes, including derivatization, filtration and ITP-MS) without having recourse to antibodies. Furthermore, our work together with a recently published one by Gebauer and Malá [START_REF] Malá | Methodology of analysis of very weak acids by isotachophoresis with electrospray-ionization mass-spectrometric detection: Anionic electrolyte systems for the medium-alkaline pH range[END_REF] can be considered the two pioneering studies on the application of ITP-MS for separation and sensitive detection of weak anions under alkaline conditions. This opens a door for analyses of many other biological compounds, notably protein-/ peptide-based biomarkers in body fluids. In principle the MS method can be extendedly used for separation of other peptides / fragments in the beta amyloid family whose specific antibodies are not available. While offering similar detection limits, ITP-MS is more straightforward, faster and easier to carry out than M-PA-LVSEP, which requires more operational skills and several cycles to reach the required sensitivity. ITP would allow to eliminate the immuno-precipitation step currently still required for MS detection of truncated forms of Aβ peptides. Continued effort therefore is envisaged to further improve the electrokinetic preconcentration via multiple ITP [START_REF] Mai | Multiple capillary isotachophoresis with repetitive hydrodynamic injections for performance improvement of the electromigration preconcentration[END_REF][START_REF] Oukacine | Suppression of Apparent Fluid Flow in Capillary Isotachophoresis without Recourse to Capillary Coating[END_REF] prior to MS in order to trace other lowabundance Aβ peptides for which immunoassays are not yet feasible. 
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 5 40 in CSF sample EIC of 1-38 in CSF sample Figure ITP-MS of one CSF sample from a non-demented patient (Control). EIC: Extracted-ion chromatogram; TIC: Total ion chromatogram. CE conditions: fused silica capillary of 100 cm total length and 100µm I.D.; TE composed 0.175 % of NH 4 OH, LE composed of 80mM acetate, ITP at constant current mode of 10 µA. MS conditions as in Fig. 4 Analyte RSD % (intra-day, n=5) RSD % (inter-day, n=3)

  

Table 1 :

 1 Performance data for ITP-MS of Aβ 1-42, Aβ 1-40 and Aβ 1-38 under the optimized conditions: TE composed of NH 4 OH 0.175%, LE composed of 80 mM acetate and sample plug prepared in TE (35 % capillary volume).

	Aβ 1-42	3.62	4.25	4.68	5.32	0.03	0.06 -2	0.968
	Aβ 1-40	3.62	5.30	4.68	6.28	1	3 -25	0.985
	Aβ 1-38	3.62	4.60	4.68	5.45	0.05	0.2 -10	0.989

Table 2 :

 2 Ratios of different Aβ peptides in CSF samples obtained with ITP-MS and the method M-PA-LVSEP
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